Can near-infrared spectroscopy (NIRS)-derived post-occlusion tissue oxygen saturation recovery kinetics be used to study age-related impairments in microvascular function? r What is the main finding and its importance?
Introduction
Advancing age is the single most powerful predictor of cardiovascular disease, which has been attributed, at least in part, to vascular dysfunction (Castelli, 1984; Jousilahti et al. 1999) . Indeed, ageing is associated with reduced bioavailability of endothelium-derived nitric oxide (NO) secondary to increased vascular oxidative stress (van der Loo et al. 2000) . Ageing is also associated with increased bioactivity of the potent endothelium-derived constricting factor endothelin-1 (Donato et al. 2009 ), reduced endothelial production of dilatory prostaglandins (Singh et al. 2002) , development of vascular inflammation (Tousoulis et al. 2006 ) and formation of advanced glycation end-products (Bruel & Oxlund, 1996; Asif et al. 2000; Tousoulis et al. 2006) .
Post-occlusive reactive hyperaemia is a well-established technique used to evaluate both macro-and microvascular function in a variety of clinical populations (Inoue et al. 2008; Korkmaz & Onalan, 2008; Tomiyama & Yamashina, 2010; Poredos & Jezovnik, 2013; Matsuzawa et al. 2015) , including ageing (Creager et al. 1990) . During occlusion of a conduit artery, downstream arterioles dilate in an effort to offset the ischaemic insult. Upon release of the cuff, the decreased vascular resistance results in hyperaemia and, in turn, shear stress along the conduit artery. Together, this co-ordinated response results in flow-mediated dilatation, which is currently one of the most widely used methods for non-invasive assessment of vascular endothelial function (i.e. macrovascular function). With the advent of duplex ultrasound and our increased understanding of the basic mechanisms governing post-occlusive reactive hyperaemia, investigators also routinely measure the peak hyperaemic blood flow response. As described above, the peak hyperaemic blood flow response is dictated by one's ability to dilate the downstream microvasculature, and is thus an indirect measure of microvascular function. Both flow-mediated dilatation and reactive hyperaemia are impaired with ageing (Creager et al. 1990; Celermajer et al. 1994) ; however, each of these measures remains highly operator dependent, requiring extensive skill and training, and requires sophisticated, high-cost, data acquisition hardware and post-processing software. Moreover, these ultrasound approaches focus entirely on upstream conduit vessel flow/dilatation, which may reduce overall specificity. Although direct measures of microvascular perfusion by contrast-enhanced ultrasound (Wei et al. 1998; Krix et al. 2005) , xenon clearance (Grimby et al. 1967) , arterial spin-labelled MRI (Raynaud et al. 2001; Yu et al. 2007) and positron emission tomography (Heinonen et al. 2011) are possible, application of these approaches also remains limited owing to the overall sophistication, expense, invasiveness and exposure to radiation (xenon imaging and positron emission tomography) involved in these techniques.
Near-infrared spectroscopy (NIRS) is a well-established method for measuring oxygen saturation and oxidative capacity in skeletal muscle and cerebral tissue Tian et al. 2010; Ryan et al. 2013; Southern et al. 2014) . Compared with Doppler ultrasound, NIRS is relatively low cost and easy to use. Moreover, it can be used to interrogate specific regions of interest (i.e. skeletal muscle) directly, increasing its overall specificity. To date, several studies have evaluated tissue oxygen saturation (S tO 2 ) kinetics following circulatory occlusion in healthy young subjects (Bopp et al. 2011 (Bopp et al. , 2014 Fellahi et al. 2014) , patients with peripheral artery disease (Kragelj et al. 2001) , tobacco users (Zamparini et al. 2015) and patients with sepsis (Doerschug et al. 2007; Mayeur et al. 2011) . The results suggest that NIRS-derived post-occlusion tissue oxygen saturation kinetics is a robust and easy-to-use approach to evaluate vascular function in vivo. Whether NIRS can be used to assess age-related impairments in microvascular function has not been tested. Addressing this fundamental question is crucial to advance current clinical assessment practices and/or the design of large clinical trials focused on age-related diseases (for which current techniques may not be suitable).
The purpose of this study was therefore to compare NIRS-derived post-occlusion tissue oxygen saturation recovery kinetics between two distinct age groups (<35 versus >65 years of age) using the aforementioned NIRS approach. We hypothesized that ageing would prolong the recovery rate of muscle oxygen saturation, compared with young individuals, demonstrating the clinical utility of this novel approach.
Methods

Ethical approval
The study was approved by the Institutional Review Board for research involving Human Subjects at the University of Texas at Arlington (PRO2016-0586) and conformed to the Declaration of Helsinki. All subjects gave written informed consent. The study was not registered in a database.
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Participants
A total of 24 healthy young and 10 elderly adults volunteered to participate in the study. All subjects were recruited from the local community. Participants were divided into two groups based on age (young >18 and <35 years; elderly >65 and <80 years). Exclusion criteria included morbid obesity (body mass index >35 kg m −2 ), heart failure and/or history of myocardial infarction, uncontrolled hypertension, history of stroke or neurological disease, and diabetes.
Activity level was self-reported. Subjects were asked if they performed regular exercise, as well as the frequency, duration and type. Activity level was then quantified by multiplying the frequency by duration and reported as minutes per week. Walking was defined as mild to moderate, whereas cycling or running was defined as moderate to vigorous.
Experimental protocol
All tests were performed in a quiet, temperaturecontrolled room (21-23°C). Participants were studied in a fasted state, having abstained from alcohol and vigorous exercise for at least 24 h and caffeine for 12 h.
Before placement of the NIRS probe, each subject's maximal voluntary contraction (MVC) was measured. With the arm resting on a bedside table in a supinated and slightly adducted position, the subject was instructed to squeeze a handgrip dynamometer as forcefully as possible using only their hand and forearm muscles. After a brief recovery period, the subject was asked to repeat their maximal effort two more times. The highest value achieved was recorded as the MVC.
Skeletal muscle oxygenation was monitored continuously using a Dual-channel OxiplexTS (ISS, Inc., Champaign, IL, USA) NIRS device. The NIRS device was calibrated at the beginning of each session, after the instrument had warmed up for >30 min. The calibration was performed with the probe placed on a calibration block with known absorption and scattering coefficients. A lightweight plastic NIRS probe consisted of two parallel rows of light-emitting fibres and one detector fibre bundle. The probe was placed over the flexor digitorum profundus, secured in place with an elastic strap tightened to prevent movement, and covered with an optically dense black vinyl sheet to minimize intrusion of extraneous light. By measuring changes in light absorption at different wavelengths, changes in oxygenated haemoglobin (HbO 2 ) and deoxygenated haemoglobin (Hb) can be measured, and tissue oxygen saturation (S tO 2 ) can be calculated {[HbO 2 /([HbO 2 ] + [Hb])}. Data were stored online, and also captured using an auxiliary output system, which integrated directly into our data acquisition system (PowerLab; ADInstruments, Colorado Springs, CO, USA).
The NIRS parameters calculated are depicted in Fig. 1 . Baseline S tO 2 was calculated as the average S tO 2 before the onset of arterial cuff occlusion. The desaturation rate during cuff occlusion was defined as slope 1. As oxygen-rich blood is prevented from flowing into the forearm during arterial cuff occlusion, any reduction in forearm tissue oxygenation is directly related to oxygen consumption. Thus, slope 1 can be considered an indirect measure of skeletal muscle metabolic rate (Doerschug et al. 2007 ). The lowest S tO 2 value obtained during ischaemia (S tO 2 min ) was taken as a measure of the magnitude of the ischaemic insult (the stimulus to vasodilate). The S tO 2 Baseline defines the period of time before arterial cuff occlusion. Slope 1 defines the desaturation rate during cuff occlusion and is regarded as a measure of skeletal muscle metabolic rate. The lowest S tO 2 value obtained during ischaemia is defined as S tO 2 min and is regarded as a measure of the ischaemic stimulus to vasodilate. The tissue saturation reperfusion rate is denoted as slope 2 and is an index of reactive hyperaemia; as are S tO 2 max and the reactive hyperaemia area under the curve (AUC). To gain insight into the hyperaemic reserve, the S tO 2 max is expressed as a percentage change from baseline.
reperfusion rate was quantified as the average upslope following cuff release and defined as slope 2. Maximal S tO 2 was calculated as the highest S tO 2 value reached after cuff release (denoted as S tO 2 max ), and the reactive hyperaemia area under the curve (AUC) was calculated from the time of cuff release to 1, 2 and 3 min post cuff occlusion (AUC 1 min, AUC 2 min and AUC 3 min, respectively). Lastly, hyperaemic reserve was calculated as the change in S tO 2 above baseline and reported as a percentage change.
Protocol 1: effect of age on post-cuff occlusion recovery kinetics. To assess the effects of age on NIRS-derived post-occlusion tissue oxygen saturation kinetics, we compared two distinct age groups: young (n = 14, age = 25 ± 3 years) versus elderly (n = 10, age = 73 ± 5 years). The NIRS measurements were collected continuously for at least 3 min at baseline, during 5 min of brachial artery occlusion, and for at >3 min of reactive hyperaemia.
To assess reproducibility, a subset of participants (nine young and five elderly) underwent repeat measurements within 30-90 min of the original cuff occlusion protocol.
Protocol 2: effect of oxygen desaturation level on reactive hyperaemia. To assess the influence of absolute desaturation level (i.e. vasodilatory stimulus) on NIRS-derived post-occlusion tissue oxygen saturation recovery kinetics, we recruited an additional 12 young volunteers. All 12 subjects repeated the above cuff occlusion protocol with 3, 4 and 5 min occlusions separated by 20 min.
Statistics
All data are expressed as means ± SEM (unless otherwise specified), and significance was set a priori at P < 0.05. All data were evaluated for normality with the Shapiro-Wilk test. If distribution was not normal, variables were logarithmically transformed and the Shapiro-Wilk test was repeated to ensure normality before analysis. Data from protocol 1 were analysed using Student's unpaired t test, comparing young versus elderly participants. To compare the effect of cuff occlusion time (3, 4 and 5 min cuff occlusion) on NIRS parameters in protocol 2, a one-way repeated-measures ANOVA was used. When a significant time difference was present, pairwise comparisons were made using the Tukey post hoc method. To determine the impact of matching tissue ischaemia with NIRS-derived post-occlusion recovery kinetics, Student's unpaired t test was then used to compare the 3 min cuff occlusion data in the young participants with the 5 min cuff occlusion data in the elderly participants. Test-retest reproducibility was assessed using Student's paired t tests and reported as a coefficient of variation (CV; expressed both as a percentage and in absolute terms). Power calculations were performed using G * Power (3.1.9.2, University of Düsseldorf) to assess the practical significance of the data reported.
Results
There were no adverse events or contraindications to testing.
Protocol 1
Individual characteristics for both groups (young versus elderly) are shown in Table 1 . By design, the elderly participants were significantly older, had more cardiovascular risk factors and were taking more medications than young participants.
In accordance with our hypothesis, NIRS-derived indices of microvascular function were impaired in the elderly compared with young participants using a conventional 5 min cuff occlusion protocol (Fig. 2) . Both groups shared similar baseline tissue saturation (74.1 ± 1.0 versus 75.3 ± 3.6%, young versus elderly, respectively, P = 0.874). After 5 min of arterial cuff occlusion, however, the rate of S tO 2 recovery (slope 2) was much slower, and S tO 2 max , the reactive hyperaemia time integral (AUC) and the hyperaemic reserve were all significantly lower in the elderly compared with the young participants (Fig. 2) . Cohen's effect size values for each of our primary outcome variables ranged between 0.93 and 1.84, suggesting a high level of practical significance.
Figure 2 also clearly illustrates the markedly different skeletal muscle metabolic rate between the two groups (slower in the elderly), which resulted in significantly higher S tO 2 min in the elderly compared with the young participants, and a markedly different vasodilatory stimulus between the two groups.
Protocol 2
To evaluate the dependence of absolute haemoglobin desaturation level on NIRS-derived post-occlusion oxygen saturation recovery kinetics, 12 young participants (seven male and five female; age 25 ± 3 years; body mass index 22.3 ± 2.3 kg m −2 ) underwent the cuff occlusion protocol described in protocol 1, with varying occlusion times (3, 4 and 5 min cuff occlusion, respectively). As illustrated in Fig. 3 , baseline tissue saturation remained constant across all three occlusion protocols. Moreover, the metabolic rate (slope 1) did not differ across all three occlusion protocols and, as a result, the level of desaturation was time dependent. Importantly, we found that the oxygen recovery kinetics (slope 2), S tO 2 max , the reactive hyperaemia time integral at 1, 2 and 3 min post-occlusion R. Rosenberry and others and the hyperaemic reserve, were all significantly dependent on the level of desaturation achieved (Fig. 3) . In light of these new observations, we then compared the 3 min cuff occlusion data in the young group with the 5 min cuff occlusion data in the elderly (Fig. 4) . The baseline saturation level remained similar between the two groups, as was the minimal saturation level achieved (by design). Remarkably, when we controlled for the vasodilatory stimulus (i.e. the level of desaturation), we observed no major differences in the oxygen recovery kinetics (slope 2), the maximal saturation achieved, the reactive hyperaemia time integral (AUC) at 1, 2 or 3 min post-occlusion, or the hyperaemic reserve (Fig. 4) .
Reproducibility of measures
The reproducibility of measurements was studied by repeating the same 5 min protocol in 14 participants, at least 30 min apart. Repeated measurements showed no significant difference among trials, indicating that the measurements were reproducible. The mean values of the CV varied between 3.9 and 15.4% (Table 2) . 
Discussion
The main goal of this study was to determine whether NIRS-derived post-occlusion tissue oxygen saturation recovery kinetics could detect age-related impairments in microvascular function. The major novel findings of this investigation were twofold. First, using a previously established 5 min cuff occlusion protocol, we found that NIRS-derived indices of microvascular function were markedly reduced in elderly compared with young participants. Second, when we controlled for the absolute level of vasodilatory stimulus and matched the tissue desaturation level between groups, we found similar responses in young and elderly participants. Taken together, we believe that NIRS-derived post-occlusive tissue oxygen saturation kinetics holds great promise in clinical vascular biology, given its low cost, reproducibility and operator independence. Moreover, the additive information regarding vasodilatory stimulus that this approach provides, compared with other more traditional measures, shines new light on an old problem and opens new possibilities for cardiovascular research across the health continuum. The NIRS-derived post-occlusion tissue oxygen saturation recovery kinetics has previously been used to assess peripheral microvascular function across the disease continuum, including healthy young subjects (Bopp et al. 2011 (Bopp et al. , 2014 Fellahi et al. 2014) , patients with peripheral artery disease (Kragelj et al. 2001) , tobacco users (Zamparini et al. 2015) and patients with sepsis (Doerschug et al. 2007; Mayeur et al. 2011) . To our knowledge, this is the first study to use this approach to assess age-related microvascular dysfunction. Using the same conventional 5 min cuff occlusion protocol used in the above-referenced studies, we found marked age-related impairments in microvascular function. This result is consistent with a growing body of work using ultrasound, showing age-related impairments in both reactive hyperaemia (Celermajer et al. 1994) and flow-mediated dilatation (i.e. endothelial function; Yeboah et al. 2007) . Unlike these prior investigations, however, the data herein were obtained without the need for a skilled sonographer or sophisticated, high-cost, data acquisition hardware and post-processing software. In addition, NIRS-derived post-occlusion tissue oxygen saturation kinetics has previously been shown to be highly reproducible (Gómez et al. 2008; Lacroix et al. 2012; McLay et al. 2016b ) and valid compared with Doppler ultrasound-derived reactive hyperaemia (Bopp et al. 2014 ) and flow-mediated dilatation (McLay et al. 2016a) , further highlighting the clinical utility of this robust and easy-to-use technique. Indeed, our own results support the reproducibility of this technique, showing low test-retest variability (average CV 9.2 ± 4.3%).
The fact that NIRS provides information about tissue saturation throughout the entire cuff occlusion protocol is a major advantage over other, more traditional, A, near-infrared spectroscopy profile of percentage tissue oxygen saturation (S tO 2 ) for two representative subjects (young versus elderly) during a typical arterial cuff occlusion test. Summary data (young n = 14; elderly n = 10) are also displayed, showing group differences in the minimal tissue oxygen saturation (S tO 2 min ; B), maximal tissue oxygen saturation (S tO 2 max ; C), slope 1 (D), slope 2 (E), hyperaemic reserve (F) and the hyperaemic area under the curve (AUC; G). * Significant (P < 0.05) difference between groups.
R. Rosenberry and others approaches (e.g. Doppler ultrasound or venous occlusion plethysmography). With NIRS we are able to observe the metabolic activity (i.e. slope 1, the oxygen extraction rate), the extent of tissue ischaemia (i.e. S tO 2 min ), and thus the vasodilatory stimulus, and the reactive hyperaemia (i.e. slope 2, S tO 2 max and the post-cuff occlusion S tO 2 time integral). With this added information, we found marked differences in the metabolic rate (slope 1) and vasodilatory stimulus (S tO 2 min ) between our elderly and young participants when the cuff occlusion protocol was standardized to 5 min. We believe this is an important observation, as it greatly influences the interpretation of our results in elderly subjects. Indeed, when we standardized the level of tissue ischaemia across our two age groups (protocol 2), the differences in reactive hyperaemia previously observed were now entirely abrogated. In light of these new findings, we believe that controlling for the level of tissue ischaemia is crucially important and that NIRS provides a convenient platform to address this. We recognize that 5 min of arterial cuff occlusion is not only the conventional approach most commonly used for this type of experiment, but also that it is predictive of hard cardiovascular end-points (Suryapranata et al. 1994; Gokce et al. 2003; Huang et al. 2007; Anderson et al. 2011) , which in many ways contradicts the above findings. However, if we accept that metabolic rate will invariably change across patients and disease cohorts and if we accept that the level of tissue ischaemia is proportional to the time of cuff occlusion and the metabolic rate of a particular individual, then it is interesting to speculate that the predictive power of these prior observations has less to do with microvascular function and more to do with muscle oxidative capacity. That is, someone with normal muscle metabolic rate will produce more vasodilatory substances during a fixed ischaemic time period compared with someone who has poor muscle function and a lower metabolic rate. This rationale is further supported by the fact that grip strength remains one of the strongest predictors of cardiovascular morbidity and mortality (Rantanen et al. 2003; Sasaki et al. 2007) , independent of vascular reactivity. We therefore believe that caution is warranted when interpreting reactive hyperaemia results which do not standardize the level of tissue ischaemia; especially given the potential for between-group differences in A, near-infrared spectroscopy profile of percentage tissue oxygen saturation (S tO 2 ) for a representative young subject during repeat arterial cuff occlusion tests for 3, 4 and 5 min. Summary data (young, n = 12) show a significant effect of cuff occlusion time on the minimal tissue oxygen saturation (S tO 2 min ; B), maximal tissue oxygen saturation (S tO 2 max ; C), reactive hyperaemia (slope 2; E), hyperaemic reserve (F) and the hyperaemic area under the curve (AUC; G). The only parameter that did not change with time was slope 1 (the skeletal metabolic rate; D). * Significant (P < 0.05) difference from 3 min. † Significant (P < 0.05) difference from 4 min. metabolic rate. Indeed, normalizing tissue ischaemia with post-occlusion hyperaemia is the basis for controlling for shear rate when measuring flow-mediated dilatation (Thijssen et al. 2011) . Moreover, the conventional 5 min cuff occlusion protocol emerged from early observations showing no additional change in vasodilatation of an upstream conduit vessel beyond 5 min, using data analysis methods (i.e. callipers), which have since evolved (Uehata et al. 1997; Corretti et al. 2002) . Although the present study did not directly compare NIRS-derived post-occlusion tissue saturation recovery kinetics with either Doppler-derived reactive hyperaemia or endothelial function measurements, these comparisons have previously been made with good agreement (Bopp et al. 2011; McLay et al. 2016a) . Our reproducibility measures and the repeat cuff occlusion experiments in protocol 2 were all performed on the same day to avoid day-to-day variability in vascular function and allow consistent placement of the NIRS optodes. It is therefore possible that repeat episodes of ischaemia-induced hyperaemia might have influenced our results; however, serial ischaemia-reperfusion trials do not appear to affect subsequent vascular reactivity (Harris et al. 2006 ).
The consistency of our probe placement, and resultant low test-retest variability, also highlights the need for standardizing procedures, especially if this technique is used to assess disease progression or intervention effectiveness. It is also important to acknowledge that NIRS is inherently limited by adipose tissue thickness (Ferrari et al. 2004 ). Although we did not specifically screen participants by adipose tissue thickness, all of the participants included in this study were relatively lean. This will need to be accounted for if this methodology is going to be adopted widely, especially in clinical populations. Although we did not specifically control for menstrual cycle in our young female participants, which can affect vascular reactivity (Webb et al. 1981 ), we do not believe this affected our interpretation of the present results given the fact that all age-related differences disappeared when we controlled for tissue ischaemia. Finally, our elderly group consisted of only 10 relatively healthy seniors in the seventh decade of life. Our findings are therefore in no way representative of the entire ageing population. Instead, this cross-sectional study represents a unique opportunity to explore a relatively novel imaging approach to assess microvascular reactivity . Controlling for tissue desaturation abrogates age-dependent differences in reactive hyperemia A, near-infrared spectroscopy profile of percentage tissue oxygen saturation (S tO 2 ) for a representative young subject during a 3 min cuff occlusion test and a representative elderly subject during a 5 min cuff occlusion test. Summary data (young, n = 12; elderly, n = 10) show that when the level of tissue ischaemia is matched between groups (S tO 2 min ; B), the differences in maximal tissue oxygen saturation (S tO 2 max ; C), reactive hyperaemia (slope 2; E), hyperaemic reserve (F) and the hyperaemic area under the curve (AUC; G) are completely abrogated. As expected, the rate of tissue desaturation remained different between groups (the skeletal metabolic rate; D). * Significant (P < 0.05) difference between groups.
in an at-risk population and sheds new light on an old problem.
In conclusion, we believe NIRS-derived post-occlusive tissue oxygen saturation kinetics can serve an important role in clinical vascular biology and assessment. The data herein highlight the need for assessing tissue ischaemia during cuff occlusion protocols, particularly in group comparisons where skeletal muscle metabolic rate is expected to differ.
